Using periodic density functional calculations, we studied the local structure and preferred locations of yttrium cations and oxygen vacancies in Y-doped cerium dioxide. We employed three kinds of modelsa slab of the CeO 2 (111) surface and two ceria nanoparticles of different sizes and shapes. In the slab models, which represent the (111) surface of ceria and the corresponding extended terraces on the facets of its nanoparticles, Y 3+ cation dopants were calculated to be preferentially located close to each other. They tend to surround a subsurface oxygen vacancy that forms to maintain the charge balance.
Introduction
In recent years, ceria-based materials have excited tremendous interest from both fundamental scientic and commercial points of view. In particular, ceria has attracted much attention because of its crucial role as a component of catalysts for numerous catalytic applications. The ever-growing interest is demonstrated by the vast numbers of publications starting from the review by Trovarelli in 1996, Many studies have revealed the applicability of ceria as a support in different catalysts owing to its well-known high oxygen storage capacity (OSC). [1] [2] [3] It is a reducible oxide, and O vacancies can be created in ceria at elevated temperatures. This process is accompanied by the reduction of two Ce 4+ cations to the Ce 3+ state for each O vacancy and can be reversible depending on the conditions.
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Doping of ceria is a commonly exploited approach for tailoring its redox properties and concomitantly affecting its catalytic behavior. 8 The presence of aliovalent dopants 9 causes the appearance of extrinsic defects that play a key role in the performance of many catalytic processes. Of particular importance for both technological applications and fundamental research are CeO 2 materials doped with rare-earth elements, including yttrium. When CeO 2 is doped by an oxide of a trivalent metal, such as Y 2 O 3 , the initial structure contains O vacancies that are created in order to compensate the effective negative charge produced by the substitution of Ce 4+ with Y 3+ . Thus, a distortion is induced in the cubic matrix of the resulting Y 2 O 3 -CeO 2 mixed oxide. The benecial effect of yttrium doping on the activity of ceria in soot combustion has been demonstrated by Atribak et al. 10 Considering the abundance of yttrium resources, She et al. studied the effect of the addition of Y (0-5 wt%) to a CuO/CeO 2 catalyst on its activity in the water-gas shi. 11 The highest catalytic activity was exhibited by the catalyst doped with 2 wt% Y. The effects of different synthesis routes for the preparation of Y-doped ceria and of various amounts of Y on the performance of the preferential oxidation of CO (PROX) in the presence of excess hydrogen on supported gold catalysts have been discussed by Ilieva et al. 12 Irrespective of the preparation method, very similar degrees of conversion of CO were recorded for samples containing 1-5 wt% Y 2 O 3 in the temperature range of 80-C, which is of interest for the operation of fuel cells. The relatively low activity that was observed for doped ceria samples with a Y 2 O 3 content of 7.5 wt% was attributed to the restricted supply of oxygen due to the assumed ordering of surface oxygen vacancies around segregated Y 3+ . Similarly, no improvement in the PROX activity and stability of gold catalysts supported on Y-doped ceria was reported by Jardim et al., 13 who explained this result by the surface segregation of the large amount of Y 2 O 3 used (30 wt%).
Several theoretical investigations have focused on the understanding of the doping of ceria by yttrium and lanthanide metals. For instance, Dholabhai et al. studied the formation and migration of oxygen vacancies in Pr-and Gddoped ceria with the help of methods based on density functional theory (DFT).
14, 15 The local ordering of oxygen vacancies in Ce 1Àx Y x O 2Àx/2 where x ¼ 0.04, 0.08, 0.11, 0.18, and 0.26 (corresponding to 2, 4, 6, 10, and 15 mol% Y 2 O 3 ) has been investigated by analyzing data from experimental measurements (impedance spectroscopy and neutron diffraction) and ab initio molecular dynamics simulations. 16 It was concluded that the ionic conductivity of Y-doped ceria decreased with an increase in the amount of Y 2 O 3 because of ordering of anion vacancies. The distribution of rare-earth oxide dopants in ceria and the oxygen ion conductivity of these systems were also investigated by Grieshammer et al., who combined DFT and Monte Carlo studies. 17 
Computational details and models
The calculations were performed using a periodic plane-wave DFT method with the PW91 (ref. 20) exchange-correlation functional of the generalized gradient approximation (GGA) type as implemented in the VASP program. [21] [22] [23] Stoichiometric and reduced ceria were described within the so-called GGA+U approach, 24, 25 in which an on-site coulombic interaction with U ¼ 4 eV (ref. 26 ) was included. Our test calculations without applying the U correction for systems that do not contain Ce 3+ cations showed that the relative stability of the structures remains similar to that determined with U ¼ 4 eV. A plane-wave basis set with a cut-off of 415 eV for the kinetic energy and the projector-augmented wave 23 description of core-valence electron interactions were employed. During geometry optimization all atoms were allowed to relax locally until the maximum forces that acted on each atom became less than 0.02 eVÅ
À1
. We performed only G-point calculations. Spin polarization was taken into account when O vacancies were modeled because this leads to the formation of Ce 3+ cations, which have unpaired electrons. The formation energy of an oxygen vacancy E vac was calculated with respect to half the energy of an O 2 molecule in its triplet state as follows: [28] [29] [30] [31] [32] [33] [34] which was located in a cubic unit cell with dimensions of 2.0 Â 2.0 Â 2.0 nm, as well as a larger Ce 40 O 80 nanoparticle with a diameter of about 1.5 nm, 30, [35] [36] [37] [38] which was positioned in a unit cell with a rectangular parallelepiped shape and dimensions of 2.2 Â 1.9 Â 1.9 nm. In these models, the distance between neighboring images in the periodic unit cells is at least 0.9 nm. The notation used for the modelled structures is given in the sections below, where the corresponding structures are discussed.
Results and discussion

Yttrium-doped CeO 2 (111) surface
For the regular CeO 2 (111) surface, we modeled various structures of two types of stoichiometric system in which two and four cerium ions, respectively, were substituted by yttrium ions. In addition, for the former type of model we computed the formation energies of an oxygen vacancy.
3.1.1 Stoichiometric systems containing two yttrium ions. We modeled 27 structures in which two Y 3+ cations replace two Ce 4+ cations. In order to balance the charge on the system, one O atom was removed from the structure shown in Fig. 1 (see also Fig. 2A ). Fig. 2B (brown triangles), which includes all the modeled relative locations of the yttrium centers, also shows the lack of a clear relation between the relative stability and the location of the two dopant cations on the surface, in the subsurface layer or in both positions. Although the O vacancies in the most stable structures are located at sites that neighbor yttrium centers, a general correlation between the Y-O vac distances (accounted for in different ways, see Fig. S4 in ESI †) and the relative stability of all the modeled structures cannot be found.
In order to determine whether the space of the missing O atom can be relled by an O atom, we modeled structures in which an added O atom was put in the position of the missing O atom in the Y-containing models discussed above. The systems were optimized to be spin-polarized and neutral. All the structures with an additional O atom were calculated to be less stable by 0.83, 1.27 and 1.12 eV than the initial structures, namely, O SL (1A,1B), O FS (1B,2C) and O SS (2C,2D), plus half a gas-phase O 2 molecule, respectively. Hence, the lling by an oxygen atom of the charge-compensating O vacancy in such surface and subsurface positions is, not unexpectedly, energetically unfavorable up to rather high oxygen pressures.
In order to determine the relative stability of the electronic states of a system reported elsewhere, 19 we performed geometry optimization of the O SL (1I,1J) and O SL (1B,2C) structures in the xed triplet state. In this way, we obtained structures with an electron density distribution analogous to that in ref. 19 Fig. 3 and Table 2 ). In most cases, the locations of the two Ce 4+ cations that were reduced to Ce 3+ were calculated to be nearby the created O vacancy. We note in passing that both the nearest-neighbor and the next-nearest-neighbor locations of the two Ce 3+ cations with respect to the O vacancies resulted from DFT-based calculations for slab models of pristine ceria surfaces.
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As a reference, we considered the formation of an oxygen vacancy on the surface and in the rst and second subsurface layers of the undoped surface (Fig. 1) . The most stable structure is that in which the O vacancy is in the rst subsurface layer, for which E vac ¼ 2.55 eV, which is close to the value of 2.48 eV from PW91+4 calculations. 40 The structures with the vacancy in the second subsurface layer or surface layer are higher in energy by 0.22 and 0.33 eV, respectively.
The lowest formation energy of an O vacancy among the Ydoped structures corresponds to O FS (1B,2C)-2f, in which both can facilitate the removal of surface oxygen atoms in comparison with those on the undoped ceria surface. Thus, the difference between the formation energies of an oxygen vacancy on the surface and in the subsurface layer of the oxide is reduced to only 0.10 eV from the notably larger value of 0.33 eV for the bare ceria surface. A comparison of the locations of vacancies in different structures suggests that two O vacancies may be either close to or far from each other, but it is not favorable to remove an O atom located between two Y 3+ cations.
In summary, doping by Y does not inuence the formation energy of an O vacancy in the subsurface region. However, the formation energy of a surface vacancy is reduced in comparison with that for the undoped surface and becomes close to the formation energy of a subsurface vacancy.
This nding agrees with the results of a recent experimental study of relationships between the structural features and activity in the water-gas shi (WGS) of gold catalysts supported on Y-doped ceria (1.0, 2.5, 5.0 and 7.5 wt% Y 2 O 3 ). 3.1.4 Inuence of yttrium on the basicity of surface oxygen centers. We used the most stable Y-doped structures to estimate changes in the basicity of the surface oxygen centers. According to earlier studies, a shi in the O 1s core level is correlated with the basicity of the oxygen centers, as estimated from the proton affinity of these centers -a less stable O 1s core level (with a lower absolute energy E(O 1s)) corresponds to a more basic oxygen center. 42 It was estimated that a destabilization of the O 1s core level by 1.0 eV corresponds to an increase in the proton affinity of the O center of ca. 80 kJ mol À1 .
Oxygen atoms in pristine CeO 2 (111) feature a very distinct separation of the O 1s core levels -the surface and subsurface oxygen centers have E(O 1s) values of around À503.7 and À504.0 eV, respectively (see the green bullets in Fig. 4 ). The presence of yttrium cations and an oxygen vacancy modies the O 1s energy values (see the brown triangles and blue rhombuses in Fig. 4 and S3A in ESI †), and the E(O 1s) values extend over a somewhat wider interval from À503.5 to À504.2 eV. For most of the oxygen centers, the O 1s core level is stabilized by only up to 0.1 eV (Fig. S3A in ESI †) . Oxygen centers close to yttrium ions and oxygen vacancies exhibit a more specic behavior. In the structure with both yttrium cations and the oxygen vacancy in the surface layer, the O 1s level of the oxygen centers between two cations (in the rst subsurface layer) is destabilized by 0.4 eV, and the other oxygen centers around each of the dopant cations that do not neighbor an oxygen vacancy are destabilized by 0.2 eV. The most basic oxygen centers in the structure are shown in indigo in Fig. S3B in ESI; † they have E(O 1s) values that are lower in magnitude by 0.2-0.4 eV than those of the surface oxygen centers in pristine ceria and are thus somewhat more basic. On the other hand, the O 1s core levels of the oxygen centers around oxygen vacancies (shown in orange in Fig. S3B †) are stabilized by 0.2 eV with respect to the corresponding centers in the pristine ceria surface. nanoparticle (Fig. 5) 
Yttrium-doped
There are two-and three-coordinated O centers on the nanoparticle surface, whereas the subsurface O centers are fourcoordinated. The two-coordinated oxygen ions 1a, 1b, 1c and 1d shown in Fig. 5 form a small (100) structures is formed by the removal of either a two-coordinated or a four-coordinated oxygen center. The calculated energies of the other 14 modeled structures are higher by 0.36-1.21 eV with respect to the most stable structure, i.e., O 4c (2I,1H)-2h. In these cases, yttrium dopants are present in all three possible cation layers of the smaller nanoparticle. In the least stable structures, of which the relative energies exceed 0.80 eV, both Y 3+ cations are in surface positions (see the green bullets in Fig. 2B ).
In general, the energetic stability of the doped structures under consideration is not related to the coordination number of the removed O center. The mutual location of two Y 3+ cations does not determine the stability either. Hence, there is no clear correlation between the stability of a given structure and the corresponding Y-Y distance (see the green bullets in Fig. 2A ). (Table 5 ). Six models derived from O 4c (2I,1H)-2h were considered: in four of them an O center was removed from the (100) facet, whereas in the remaining models an O center was removed from an edge site. The coordination number and location of the second removed O center are specied at the beginning and end, respectively, of the structure notation. For instance, the notation O 2c (O 2c (2I,1A) Table 6 . There are six modeled structures with relative energies within a range of 0.23 eV, and in all of these one of the yttrium ions is located in the subsurface position denoted as 2I (see Fig. 7 ). The relative energy of the other studied structures ranges between 0.29 and 2.60 eV. Note that in several of these destabilized structures a Y 3+ cation also occupies the subsurface 2I In a similar way to the abovementioned models of the ceria(111) surface and the smaller ceria nanoparticle, no clear dependence of the structural stability on the distances between two yttrium cations (blue squares in Fig. 2A ) or the location of the dopant cations in surface or subsurface positions (blue squares in Fig. 2B ) was found. We also examined conceivable correlations between the relative stability and other characteristics of the models -the inuence of the calculated electrostatic potentials at the cerium centers substituted by yttrium and the oxygen centers that were removed (Fig. S5A-C, ESI †) and the average number of oxygen centers surrounding two Y 3+ cations (Fig. S5D, ESI †) . However, no obvious trends were found.
3.3.2 Oxygen vacancy in nanoparticles containing two yttrium ions. We modeled 17 structures ( Table 9 ). The When both O centers are removed from one small (100) facet, it is not most favorable to remove them from two neighboring O sites. It is more favorable to remove two O centers that are located diagonally with respect to each other or are from two opposite (100) facets.
Summary and conclusions
We performed periodic density functional calculations on a CeO 2 (111) slab as well as models of one smaller (Ce 21 When the dopant ions are in the surface layer, the basicity of surface oxygen centers around the dopant ions is slightly higher than that of the corresponding O centers on the surface of pristine ceria, as estimated from the shis in the O 1s core level. In contrast, oxygen centers near the oxygen vacancy experience stabilization of their O 1s levels, i.e., lower basicity. Fig. S2 ). should be close to each other or well apart. This is also the case for the distance from Y 3+ ions to O vacancies.
General conclusions
Our calculations demonstrate that the smaller is an yttriumdoped ceria system the fewer rules and trends can be elucidated regarding the energetic and structural features of the most stable locations of the dopant ions with respect to each other and to the created charge-compensating O vacancies. Hence, the main effect of yttrium doping on the ceria slab model, which is representative of large ceria particles, is the lowering of the formation energy of an oxygen vacancy for surface oxygen centers by ca. 0.3 eV, and it thus becomes almost the same as the energy required for the formation of a subsurface vacancy. In general, the doping of ceria with yttrium has a negligible effect on the reducibility of ceria surfaces and nanoparticles. One reason may be the very similar ionic radii of Y 3+ and Ce 4+ ions, which differ by only 0.03 and 0.05Å for 6-and 8-coordinated ions, respectively.
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On the other hand, the lack of preference regarding the positions of yttrium cations and oxygen vacancies in the doped ceria nanoparticles, in combination with their exibility, would facilitate local rearrangements between structures of similar stability. This may also be related to the migration of oxygen in these systems, which can enable the dedicated use of CeO 2 -Y 2 O 3 nanocomposites in catalytic applications.
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